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Fusarium wilt (Fusarium oxysporum f. sp. ciceris) of chickpea is the major limitation to
chickpea production worldwide. As the nature of the pathogen is soil borne, exploitation
of host plant resistance is the most suitable and economical way to manage this disease.
Present study was therefore conducted with an aim to find new, stable and durable
sources of resistance of chickpea against Fusarium wilt through multi-environment and
multi-year screening. During 2007/2008 crop season, 130 promising genotypes having
<10% wilt incidence were selected from initial evaluation of 893 chickpea genotypes in
wilt sick plot at ICRISAT, Patancheru. Of them 61 highly resistant lines were selected
through further evaluation in 2008/2009 and 2009/2010 crop season. Finally, a set of 31
genotypes were selected to constitute a Chickpea Wilt Nursery (CWN) and tested at 10
locations in India for three cropping seasons (2010/2011, 2011/2012, and 2012/2013)
coordinated through Indian Council of Agricultural Research (ICAR) and ICRISAT
collaboration. The genotype and genotype × environment interaction (GGE) indicated
significant variations (p≤ 0.001) due to genotype× environment (G× E) interaction. Most
of genotypes were resistant at two locations, ICRISAT (Patancheru) and Badnapur. On
the contrary most of them were susceptible at Dholi and Kanpur indicating the variability
in pathogen. GGE biplot analyses allowed the selection six genotypes ICCVs 98505,
07105, 07111, 07305, 08113, and 93706 with high resistance and stability across most
of the locations and eight moderately resistant (<20% mean incidence) genotypes viz.,
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ICCVs 08123, 08125, 96858, 07118, 08124, 04514, 08323, and 08117. As chickpea
is grown in diverse agro-ecological zones and environments; these stable/durable
sources can be used in future resistance breeding program to develop Fusarium wilt
resistant cultivars.
Keywords: chickpea, GGE biplot, Fusarium wilt, multi-year, multi-environment
INTRODUCTION
Among the legumes, chickpea (Cicer arietinum L.) has occupied
a foremost place due to its high nutritional value. But the average
global productivity of chickpea is hampered due to various biotic
stresses (Reddy et al., 1990; Tarafdar et al., 2017, 2018). Among
them Fusarium wilt caused by Fusarium oxysporum f. sp. ciceris
(FOC) is one of the widely distributed diseases of chickpea
and cause yield loss up to 10–100% depending on varietal
susceptibility and climatic conditions (Jimenez-Diaz et al., 1989;
Patil et al., 2015). The disease is more predominant in the Indian
subcontinent, Spain, Ethiopia, Mexico, Tunisia, Turkey, and the
United States (Westerlund et al., 1974; Halila and Strange, 1996;
Ghosh et al., 2013). Since the disease is soil borne, chemical
control is not effective and practical to implement (Sharma et al.,
2017). Exploitation of host plant resistance is therefore the most
trustworthy way to overcome the situation Numerous sources
of resistance to Fusarium wilt in chickpea has been identified
previously (Pande et al., 2006; Mirzapour et al., 2014; Chobe
et al., 2016) and several are being utilized in resistance breeding
program at ICRISAT andNational Agricultural Research Stations
(NARS) that has contributed in substantial increase of chickpea
productivity in semi-arid regions of Africa and Asia (Sharma
et al., 2012; Fikre et al., 2018). However, resistance sturdiness in
these sources is affected due to G× E interaction and high genetic
variability in the pathogen.
The pathogen was reported with eight races from over the
world (Haware and Nene, 1982; Sharma et al., 2012). Races 0,
1A, 1B/C, 5, and 6, has been reported from United States and
Spain and races 1A, 2, 3, and 4 from India. Although, gene for
gene relationship of few FOC Avr gene and chickpea R gene has
been proved, but chickpea and FOC interaction at molecular level
is yet to be known (Sharma et al., 2016b). Present distribution of
FOC races is not very clear owing to large exchange of germplasm
and climate variability (Sharma et al., 2014) and existence of
multiple races in one region. Therefore, in order to develop
effective stratagems, for wilt management through host plant
resistance, it is essential to obtain information on resistance
stability of genotypes at multi-environment.
Several methods have been used to analyze the G × E
interaction (Moore et al., 2019) and a number of multi-
variate techniques such as GGE billet technique have been used
by various researchers (Yan et al., 2000; Yan, 2001; Sharma
et al., 2013, 2015). Biplot analysis of G × E data has been
advanced such that many important questions, such as stability
of genotypes, mean performance, discriminating ability, mega-
environment investigation, representativeness of environment,
and who-resistant-where pattern can be graphically addressed for
better understanding.
In the above context, the present work was undertaken to
identify stable, durable, and broad based sources of resistance
to wilt under ICAR-ICRISAT collaboration in chickpea through
multi-environment andmulti-year field testing across the wilt hot
spot locations in India.
MATERIALS AND METHODS
Plant Materials
During 2007/2008 cropping season, a total of 893 chickpea
genotypes including breeding lines and germplasm accessions
were screened for Fusarium wilt resistant in a sick plot at
ICRISAT, Patancheru under artificial epiphytotic conditions
(Figure 1). Out of them, 130 promising lines (genotypes)
having ≤10% wilt incidence was selected primarily for further
evaluation. The selected genotypes were further evaluated
in next two consecutive years, 2008/2009 and 2009/2010
through randomized complete block design (RCBD) in two
replications. Each genotype was sown in a 4m long row
(2 rows/ replication) having 60 cm row to row distance.
Susceptible check ICC 4951 (JG 62) and resistant check ICC
11322 (WR 315) were sown after every eight rows. Based
on disease reaction in year of 2008/2009 and 2009/2010,
a total of 61 highly wilt resistant genotypes were selected.
Finally, a set of 31 genotypes (18 desi and 13 kabuli)
including susceptible and resistant checks were selected based
on consistent resistant reaction to constitute a Chickpea
Wilt Nursery (CWN) for multi-environment and multi-year
evaluation. The details of the 50% flowering, pod maturity
duration and pedigree of the selected lines are described
in Table 1.
FIGURE 1 | Screening of chickpea genotypes for Fusarium wilt in wilt sick plot.
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TABLE 1 | Pedigree and agronomic traits of the chickpea wilt nursery.
Serial no. Genotype Type Pedigree/Accession no. Days of 50% flowering Days of maturity
1 ICC 11322 (WR 315)* Desi 439850 60 118
2 ICC 4951 (JG 62)* Desi 439821 43 93
3 ICC 5003 (K 850)* Desi 426616 48 89
4 ICCV 04514 Desi ICC 1069 × NEC 138-2 71 122
5 ICCV 07105 Desi ICCV 10 × ICCL 87322 53 102
6 ICCV 07107 Desi ICCV 10 × ICCC 37 45 98
7 ICCV 07111 Desi ICCV 10 × ICCL 87322 52 104
8 ICCV 07118 Desi ICCV 2 × PDG 84-16 44 94
9 ICCV 07304 Kabuli (ICCV 98502 × ICCV 98004) × ICCV 92311 42 90
10 ICCV 07305 Kabuli (ICCV 98502 × ICCV 98004) × ICCV 92311 39 94
11 ICCV 07306 Kabuli (ICCV 98502 × ICCV 98004) × ICCV 92311 42 91
12 ICCV 07309 Kabuli ICCC 95334 × (ICCV 2 × ICCV 98506) 38 90
13 ICCV 07311 Kabuli ICCC 95334 × (ICCV 2 × ICCV 98506) 36 89
14 ICCV 08113 Desi ICCC 37 × ICC 1361 42 94
15 ICCV 08116 Desi ICCC 37 × ICC 6679 41 88
16 ICCV 08117 Desi ICCC 37 × ICC 6679 43 89
17 ICCV 08120 Desi ICCV 93954 × ICC 12451 44 94
18 ICCV 08123 Desi ICCV 93954 × ICC 4552 46 98
19 ICCV 08124 Desi ICCV 10 × ICCV 88506 59 112
20 ICCV 08125 Desi ICCV 10 × ICCL 87322 50 111
21 ICCV 08305 Kabuli ICCV 92311 × ICC 17109 42 102
22 ICCV 08310 Kabuli ICCV 95311 × ICC 17109 39 102
23 ICCV 08311 Kabuli ICCV 2 × ICC 17109 42 101
24 ICCV 08315 Kabuli ICCV 92311 × ICC 17109 34 92
25 ICCV 08317 Kabuli ICCV 92311 × ICC 17109 33 88
26 ICCV 08319 Kabuli ICCV 2 × ICC 17109 37 92
27 ICCV 08321 Kabuli ICCV 95311 × ICC 17109 37 94
28 ICCV 08323 Kabuli ICCV 2 × ICC 11883 37 95
29 ICCV 93706 Desi ICCC 42 × ICC 1069 – –
30 ICCV 96854 Desi L 132-1 × ICCL 85216 54 118
31 ICCV 98505 Desi ICCC 42 × ICC 1069 – –
*Check genotypes; –, Data not available.
Multi-environment Screening
The CWN was evaluated for Fusarium wilt resistance at
10 different locations in India [Dholi, Banglore, ICRISAT
(Patancheru), Rahuri, Sehore, Gulberga, Kanpur, Junagarh,
Jabalpur, and Badnapur] for 3 years (2010/11, 2012/13, and
2013/14) in wilt sick plot. These locations encompass a wide
diversity in agro-climatic zones with latitude from N 17.3297◦ at
Gulberga to N 26.4499◦ at Kanpur, longitude from E 70.4579◦
at Junagadh to E 85.5895◦ at Dholi, and altitude from 52.2m
(Dholi) to 920m (Banglore). The tested locations represent 27
environments and three soil types during three cropping seasons
(Table 2 and Figure 2). Seeds of the test genotypes were supplied
to the respective collaborators for multi-location testing against
wilt. At each location, the nursery was evaluated in a RCBD with
two replications as described above.
Data Collection and Statistical Analysis
Wilt incidence data was recorded replication across all locations
during the years of evaluation. Per cent disease incidence in each
test genotype was calculated using the following formula
% disease incidance =
No. of infected plants
Total no. of plants
× 100 (1)
Based on mortality of plants to Fusarium wilt, the
test genotypes were divided into four categories,
resistant (<10.0% plant mortality), moderately resistant
(10.1–20.0% plant mortality), susceptible (20.1–40.0%
plant mortality), and highly susceptible (>40.0%
plant mortality).
To make residual normal the percentage data was arcsine
transformed prior to analysis (Gomez and Gomez, 1984) and
transformed data was used to test the significance of genotype
(G), environment (E), and genotype × environment (G × E)
interaction using MIXED procedure of SAS 9.4 (SAS Institute
Inc, 2017) considering genotype, environment, and replication
as random effects. Individual environment variances were
modeled into combined analysis. BLUPs (Best Linear Unbiased
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TABLE 2 | Details of test environments.
Location State Environments† (Location/year) Environment No. Latitude (N) Longitude (E) Altitude (m) Agro-climatic zone* Soil type
Badnapur Maharashtra BAD_2010-11 1 19.8682◦ 75.7256◦ 582 CZ Vertisol
BAD_2012-13 2
Banglore Karnataka BAN_2010-11 3 12.9716◦ 77.5946◦ 920 SZ Alfisol
BAN_2011-12 4
BAN_2012-13 5
Dholi Bihar DHO_2010-11 6 25.9951◦ 85.5895◦ 52.2 NEPZ Alfisol
DHO_2011-12 7
DHO_2012-13 8
Guberga Karnataka GUL_2010-11 9 17.3297◦ 76.8343◦ 454 SZ Vertisol
GUL_2011-12 10
GUL_2012-13 11
ICRISAT Telangana ICR_2010-11 12 17.5111◦ 78.2752◦ 545 SZ Vertisol
ICR_2011-12 13
ICR_2012-13 14
Jabalpur Madhya Pradesh JAB_2010-11 15 23.1815◦ 79.9864◦ 412 CZ Vertisol
JAB_2011-12 16
JAB_2012-13 17
Kanpur Uttar Pradesh KAN_2010-11 18 26.4499◦ 80.3319◦ 126 NEPZ Alfisol
KAN_2011-12 19
Rahuri Maharashtra RAH_2011-12 20 19.3927◦ 74.6488◦ 511 CZ Clay-lome
RAH_2012-13 21
Sehore Madhya Pradesh SEH_2010-11 22 23.205◦ 77.0851◦ 457 CZ Vertisol
SEH_2011-12 23
SEH_2012-13 24
Junagadh Gujarat JUN_2010-11 25 21.5222◦ 70.4579◦ 107 CZ Alfisol
JUN_2011-12 26
JUN_2012-13 27
†
Environment is denoted as first three letters of each location followed by year of screening.
*SZ, South Zone; NEPZ, North eastern Plane zone; CZ, Central Zone.
Predictors) were estimated for G, E, and G × E interaction
from combined analysis. Multiple comparisons were performed
among test locations.
To identify relationship between environments, Spearman’s
rank correlation was performed using SAS PROC CORR
procedure (SAS Institute Inc, 2017). The performance of all
possible genotypes in two environments were compared and
determined if the differences in performances is significantly
“<0” in one environment and significantly “>0” in other
environment (Yang et al., 2009; Ponnuswamy et al., 2018).
The GGE biplot, site regression model (Yan and Kang,
2002) was used to visualize the G × E interaction patterns
and to distinguish (1) genotype performance and stable
genotype across all environments, (2) environment effects,
discriminating genotypes and (3) identify patterns where
by specific genotypes can be recommended to a specific
environment(s). Further, to understand the disease incidence
and its distribution pattern among the test genotypes
across the locations, boxplot analysis of environment
× incidence, and genotype × incidence was carried out
(Wiik and Rosenqvist, 2010).
RESULTS
Identification of Resistant Genotypes
Through Preliminary Screening
Preliminary screening of 893 genotypes at ICRISAT, Patancheru
showed a broad range of response to wilt (resistant to
susceptible). This allowed removal of susceptible materials and
selection of most promising 61 genotypes having ≤10% wilt
incidence. Subsequent screening of 61 genotypes enabled in
constitution of a CWN consisting of 28 promising genotypes
with <10% wilt incidence for multi-environment and multi-year
screening in 10 diverse locations (Tables 1, 2).
Response of Genotypes to Wilt in
Multi-environment
The wilt incidence in most of the chickpea genotypes varied
across the locations and years. Among the genotypes, the
variability in wilt incidence is evident from the frequency
distribution of genotypes across locations over the years
(Figure 3). For instance, most of the genotypes were resistant at
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FIGURE 2 | Chickpea wilt nursery-testing locations in India.
ICRISAT, Patancheru (24 genotypes) followed by Badnapur (21
genotypes). On the contrary, none of the genotypes were found
resistant in Kanpur and Sehore (Figure 3). Analysis of variance
for wilt incidence showed that all the three sources of variation
were highly significant (P < 0.0001); with a higher proportion of
variation due to G × E (40.35 %) followed by G (35.6%) and E
(24.05%) (Table 3).
An adequate disease pressure was found in wilt sick plots at
all the locations as evident from wilt incidence of susceptible
check JG 62 (85.35–100%) (Table 4). Among the locations, the
highest mean wilt incidence irrespective of genotypes (excluding
check) over 3 years was observed in Kanpur (46.42%) followed
by Dholi (45.75%), whereas the lowest mean wilt incidence
was observed in Badnapur (8.45%) followed by ICRISAT
(Patancheru) (9.52%) (Table 4). Significant differences in wilt
resistant/ moderately resistant genotypes were observed in
different locations (Tables S1, S2).
Performance of genotypes differed over the years and
locations as evident from the distribution pattern of disease
incidence among the test genotypes across the locations
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FIGURE 3 | Frequency distribution of 28 test genotypes for levels of Fusarium wilt disease at 10 locations in India over 3 years. Rating of genotype reaction: resistant
= 0–10% wilt incidence; moderately resistant = 10.1–20% wilt incidence; susceptible = 20.1–40% and highly susceptible = 40.1–100%.
TABLE 3 | Combined analysis of variance for wilt incidence of 31 genotypes across the locations during 2010/2011, 2011/2012, and 2012/2013 cropping seasons.
Random term Component S.E Chisq Prob>Chisq Contribution (%)
Environment (E) 0.03003 0.00886 88.7 <0.0001 24.05
Genotype (G) 0.04445 0.01202 365.47 <0.0001 35.60
Genotype × Environment (G × E) 0.05038 0.00292 823.24 <0.0001 40.35
(Figure 4). For example, three genotypes including susceptible
check JG 62 and two genotypes ICCV 93706 and ICCV
96854 was stable throughout the environments, whereas the
performance of four genotypes ICCV 07304, ICCV 08116, and
ICCV 08311 and late wilt susceptible check ICC 5003 varied in
different environments. Also, magnitude of wilt incidence varied
depending on environmental variable at particular location.
The analysis indicated that the location-wise performance of
the genotypes was highly stable in Badnapur, followed by
ICRISAT over the years, whereas the performance of genotypes
varied highly in Jabalpur followed by Dholi and Banglore in
same cropping seasons (Figure 5). Mean wilt incidence was
highest at DHO_2012-13 (57.6%) followed by DHO_2010-
11 (54.76%) and KAN_2011-12, whereas lowest average wilt
incidence (4.86%) was observed in ICR_2012-13. Maximum
range of average wilt incidence (2.44–100%) was recorded
in JAB_2012-13.
During Fusarium wilt screening, the overall assessment
through mean wilt incidence % indistinctly classified the tested
genotypes in different resistant and susceptible phenotypic
groups on the basis of their disease reaction, even though they
are derived from the same parents. For example, the kabuli
chickpea ICCVs 07304, 07305, and 07306 were derived from
the multiple crosses of (ICCV 98502 × ICCV 98004) × ICCV
92311 (Table 1) showed considerable varying disease reaction
from moderately resistant to highly susceptible with their mean
wilt incidence range from 13.10 to 42.03%. Similarly, the desi
chickpea ICCVs 93706 and 98505 were derived from cross
of same parent lines ICCC 42 × ICC 1069, but the little
variation was observed in their mean wilt incidence, 14.88 and
8.47%, respectively.
Correlation Between Environments
A significant positive correlation for the levels of wilt incidence
was found in some of the test environments using Spearman’s
rank correlation analysis (P < 0.0001). For instance, the
significant positive correlation (r = 0.60) was observed between
environments of BAN_2010-11 (3) and SEH_2010-11 (22) with
respect to wilt incidence, while in same cropping season,
the negative correlation (r = −0.14) was found between
environments of BAD_2010-11 (1) and GUL_2010-11 (9)
(Table 5). Crossover interactions indicated diverse environments
among the test locations. For instance, high entry rank value
(24.09%) between the environments of JAB_2010-11 (15) and
BAD_2010-11 (1) indicated the diverse environment between
the locations. Conversely low entry rank value (3.84%) indicated
less diversity between BAD_2010-11 (1) and GUL_2010-11
(9) (Table 5).
Stability of Genotypes and Environments
GGE biplot analysis explained 66.11% of total variation, where
PC1 (wilt incidence) and PC2 (resistance stability) accounted
for 51.64 and 14.47% variation, respectively (Figure 6). It was
found that the performance of test genotypes as indicated by
proximity of vectors over the years within a specific location
was nearly similar. For instance, the proximity of vectors for
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TABLE 4 | Mean wilt incidence (%) of testing chickpea genotypes across the locations during 2010/2011, 2011/2012, and 2012/2013 cropping seasons.
Sr. No. Entry Bangalore ICRISAT Dholi Sehore Gulberga Kanpur Rahuri Junagadh Jabalpur Badnapur Mean (Genotype)
1 ICC 11322 18.29 2.85 36.46 24.44 11.41 29.53 18.93 11.54 14.68 4.43 13.23
2 ICC 4951 85.35 93.38 97.31 100 98.27 94.00 100 100 99.02 91.31 98.40
3 ICC 5003 49.13 81.08 50.30 64.47 46.92 47.04 68.81 88.57 71.09 36.84 66.27
4 ICCV 04514 23.78 30.44 13.82 32.44 17.11 12.66 24.90 8.62 27.13 14.91 17.83
5 ICCV 07105 16.19 3.38 23.15 22.78 20.65 57.39 17.23 4.82 9.32 5.17 12.89
6 ICCV 07107 16.75 13.92 63.21 34.39 29.24 44.53 19.50 6.16 34.18 3.77 24.19
7 ICCV 07111 14.09 5.29 47.39 28.06 25.76 15.85 16.17 4.08 15.85 1.73 13.60
8 ICCV 07118 26.72 6.21 31.77 15.99 14.69 58.56 19.29 8.92 25.13 1.44 16.17
9 ICCV 07304 21.56 16.84 48.21 16.77 28.45 67.50 52.30 46.85 78.48 29.45 42.03
10 ICCV 07305 7.58 5.82 43.25 13.74 20.29 26.98 21.90 14.42 13.92 17.29 13.10
11 ICCV 07306 40.00 7.08 36.39 22.83 40.22 53.00 41.98 16.97 45.14 6.34 26.25
12 ICCV 07309 41.15 5.04 61.26 19.23 39.13 89.44 22.12 26.03 61.54 21.25 35.01
13 ICCV 07311 48.98 6.75 50.82 16.22 26.32 29.50 55.45 55.38 28.03 16.07 31.96
14 ICCV 08113 18.89 5.21 47.20 32.47 9.99 32.09 21.65 10.06 4.66 5.88 16.52
15 ICCV 08116 17.35 4.85 63.54 18.77 23.04 50.00 18.12 7.37 13.62 2.09 20.32
16 ICCV 08117 16.57 4.95 43.50 18.78 14.57 63.87 19.85 4.10 11.91 9.31 18.49
17 ICCV 08120 34.87 14.86 42.69 20.64 14.03 47.76 38.25 5.51 25.94 4.74 20.27
18 ICCV 08123 13.06 6.06 60.00 27.95 11.82 46.11 27.53 4.30 11.94 3.27 13.67
19 ICCV 08124 20.64 2.91 46.74 20.23 20.52 31.29 14.68 3.98 59.78 2.49 17.44
20 ICCV 08125 16.89 4.89 46.62 11.33 25.65 42.42 15.80 4.70 31.91 2.29 14.05
21 ICCV 08305 26.67 3.95 55.45 22.30 14.79 25.49 48.13 29.07 82.50 14.08 26.82
22 ICCV 08310 14.17 4.68 50.88 26.92 40.87 60.35 50.88 20.59 16.64 5.33 26.76
23 ICCV 08311 46.26 6.82 34.72 12.08 14.75 68.46 30.95 16.27 71.07 7.37 29.02
24 ICCV 08315 15.08 9.00 52.00 20.83 17.41 23.49 32.97 15.37 45.25 3.95 23.08
25 ICCV 08317 42.73 6.05 63.16 22.22 16.42 68.81 34.64 22.69 50.50 3.71 31.45
26 ICCV 08319 22.50 8.74 46.38 18.06 19.35 81.56 47.67 27.23 70.54 6.20 34.36
27 ICCV 08321 46.92 6.86 41.06 40.30 24.07 95.45 27.53 16.00 70.42 2.04 32.00
28 ICCV 08323 2.39 3.47 43.07 16.12 20.34 68.38 22.67 34.40 35.30 8.62 18.39
29 ICCV 93706 24.57 6.15 35.58 14.96 21.15 36.19 0.00 4.55 28.45 20.49 14.88
30 ICCV 96854 15.76 5.44 64.89 18.08 32.31 30.58 12.30 3.23 9.00 2.24 15.30
31 ICCV 98505 16.55 5.48 29.32 19.43 19.91 26.00 1.19 6.34 10.21 5.71 8.47
Mean* (Location) 21.75 9.52 45.75 22.96 21.97 46.42 28.44 18.06 37.71 8.45
*Excluding three check lines ICCV 11322, ICC 4951, and ICC 5003.
the environments of JAB_2010-11, JAB_2011-12, and JAB_2012-
13 indicated that the performance of the tested genotypes to
wilt in Jabalpur location was stable. Further, the longer vectors
for the environments KAN_2010-11, KAN_2011-12, JAB_2011-
12, and JAB_2012-13 indicated that those environments were
most discriminating for genetic differentiation of genotypes.
Conversely, the environments BAD_2010-11, BAN_2011-12,
BAN_2012-13, DHO_2011-12, and DHO_2012-13 had smaller
vectors indicating that tested genotypes were least discriminatory
to those environments.
An angle (nearly 90◦) among the environments e.g.,
ICR_2010-11, ICR_2011-12, SEH_2010-11, and SEH_2012-13
with KAN_2010-11 and KAN_2011-12 indicated the moderate
correlations within them. However, the higher PC1 scores and
lower PC2 scores of the environments JAB_2010-11, JAB_2011-
12, JAB_2012-13, KAN_2010-11, and KAN_2011-12 indicated
better discriminating ability of these environments (Figure 6).
A six sided polygon on the biplot indicated that the genotypes
positioned at the vertices of the polygon added most to the
interaction (highest or lowest wilt incidence). The genotypes
placed at the right side of the Y-axis indicated susceptibility to wilt
irrespective of environments, whereas those genotypes placed
at the left side are resistant to wilt across the environments.
Out of 31, genotypes ICCV 07304 (9), ICCV 08319 (26), ICC
4951 (2), and ICC 5003 (3) were persistently more susceptible to
wilt by being farthest from the point of source of biplot on the
right side.
However, genotype ICCV 98505 (31) located farthest from the
point of origin on the left side endorsed its resistance to wilt
across the locations with high stability. Further, four genotypes
namely genotype ICCV 07105 (5), ICCV 07111 (7), ICCV 07305
(10), and ICCV 93706 (29) placed on the right side of the origin-
point revealed moderate level of stability to tested environment
with low level of wilt incidence (Figure 6). Detail of the genotypes
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FIGURE 4 | Distribution of residuals for wilt incidence of each genotype across 27 environments. Box edges represent the upper and lower quantile with median value
shown in the middle of the box. Whiskers represented by “o” symbol. Individuals falling outside the range of whiskers shown as numbers.
FIGURE 5 | Distribution of residuals for genotypes across ten locations. Box edges represent the upper and lower quintile with median value shown in the middle of
the box. Whiskers represented by “o” symbol. Individuals falling outside the range of whiskers shown as numbers.
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TABLE 5 | Spearman’s rank correlations (r) and cross over interactions (%) showing stability and comparison of the genotypes across the location.
*The number denotes the particular environment, for details of the environment follow Table 2.
.
found suitable and adaptable for the location specific breeding
program is provided in Table 6.
DISCUSSION
Deploying wilt resistant chickpea cultivars is one of the
sustainable strategies adopted by the breeders as a part of
integrated disease management. The success of any breeding
programme is generally dependent on the stable performance of
any traits within the genotypes. Therefore, present study using G
× E interaction on Fusarium wilt incidence, may play a crucial
role to enhance chickpea productivity as this has enabled us to
identify donors with stable and broad-based sources of resistance
and existing variability in the pathogen population.
A multi-environment evaluation revealed significant
differences (<0.0001) in G, E and G × E interaction for wilt.
Differential reaction of the chickpea to Fusarium wilt in multi-
environment can be attributed to variations in virulence in the
pathogen population (Sharma et al., 2014). Presence of different
virulence genes within the pathogen and their varied responses
in different geographical locations may be responsible to varied
wilt incidence across the environments, although the differential
response of the genotypes in different environmental conditions
cannot be let off (Kulkarni and Chopra, 1982).
High level of wilt incidence in susceptible genotypes at
all locations indicated adequate disease pressure in sick plots.
Average wilt incidence was found higher during the years
of evaluation at Kanpur and Dholi than other test locations
irrespective of genotypes. In contrast, average wilt incidence was
lowest in ICRISAT (Patancheru) and Badnapur. Location-wise
variation in wilt incidences might be attributed to differences
in virulence of the pathogens or random distribution of the
resistance gene(s) within the chickpea genotypes, or due to
influence of both factors (Sharma et al., 2014). Presence of four
pathogenic races (races 1A, 2, 3, 4) from India (Haware andNene,
1982) has been reported where race 2 from Kanpur was found to
be more virulent than race 1 from ICRISAT, Patancheru.
In our study, it was shown that the genotypes derived
from same parents differed for their disease reaction e.g.,
kabuli chickpea ICCVs 07304, 07305, and 07306 indicating the
segregation of the resistant genes. However, little variation in
mean wilt incidence for the desi chickpea ICCVs 93706 and
98505 derived from same parent lines might be due to a tight link
within the multiple genes contributing to the resistance response.
Previous studies on genetic analysis reported that the resistance
to FOC race 1 is governed either by one or two genes (Brinda
and Ravikumar, 2005) or three genes (Singh et al., 1987) whereas
the resistance of FOC race 2 is conferred by single recessive
gene (Sharma and Muehlbauer, 2007) and resistance to FOC is
also monogenic (Sharma et al., 2004). Therefore, it is clear that
segregation of genes have a major role in controlling the disease.
However, when such resistant genes are absent in the genotypes
or the genotypes are challenged by a complex mixture of the
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FIGURE 6 | GGE biplot showing the relationship among 27 environments based on Fusarium wilt incidence of 31 chickpea genotypes.
TABLE 6 | Detail of the genotypes suitable and adaptable for specific location.
Location Genotypes
Bangalore ICCVs 07305, 08323
Dholi ICCV 04514
Sehore ICCVs 08125, 08311
Gulbarga ICCV 08311
Kanpur ICCVs 04514, 07111
Rahuri ICCVs 93706, 98505
Junagadh ICCVs 04514, 07105, 07107, 07111, 07118, 08116, 08117,
08120, 08123, 08124, 08125, 93706, 96854, 98505
Jabalpur ICCVs 07105, 08113, 96854, 08116, 08117, 08120, 08123,
08124, 08125, 08310
Badnapur ICCVs 07105, 07107, 07111, 07118, 07306, 08113, 08311,
98315, 08317, 08319, 08321, 08323, 96854, 98505
different races of FOC in sick plot, the varied disease response
of the genotype is expected.
Multi-environment evaluation of genotypes assisted in
selection of stable and resistant genotypes [ICCV 98505 (31),
ICCV 07105 (5), ICCV 07111 (7), ICCV 07305 (10), ICCV
08113 (14), and ICCV 93706 (29)]. These genotypes could
be used as resistant donor for wilt in chickpea breeding
programs at different locations. Identification of high stable
genotypes with low disease incidence is the prime source
of resistant breeding programs. The GGE biplot analysis
has been widely used in resistant breeding program for
selection of genotypes having high stability with low disease
incidence such as spot blotch in wheat (Sharma and Duveiller,
2007), rust in soybean (Twizeyimana et al., 2008), Ascochyta
blight in faba bean (Rubiales et al., 2012), sterility mosaic
disease in pigeonpea (Sharma et al., 2015), Fusarium wilt
in chickpea and pigeonpea (Sharma et al., 2012, 2016a),
rust of field pea (Das et al., 2019). Further, the variance
for G × E interaction was more in this study than the
genotypic variance indicating that the disease incidence was
affected by both genotypes and environments. Significant
positive as well as negative correlation was found between test
locations, however it was not in accordance with agro-ecological
zones again indicating the interactive effects of genotypes
and environment.
Multi-environment and multi-year screening against
diseases possibly can be used as a model for future selection of
genotypes and identified genotypes could be the prime source
in resistance breeding programs for specific adaptation
to a particular agro-climatic zone. Varying response of
the genotypes throughout the environment reflected the
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influence of environment toward instability of wilt incidence.
In this study we discriminated broad based and stable
resistant chickpea genotypes for future resistance breeding
programme. Badnapur, ICRISAT, and Rahuri found as
ideal test locations for culling out superior and stable
wilt resistant chickpea genotypes. For optimum resource
utilization, elimination of unnecessary testing locations should
be implemented.
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